Much of the literature on maternal behavior has focused on the role of infant experience and hormones in a canonical subcortical circuit for maternal motivation and maternal memory. Although early studies demonstrated that the cerebral cortex also plays a significant role in maternal behaviors, little has been done to explore what that role may be. Recent work though has provided evidence that the cortex, particularly sensory cortices, contains correlates of sensory memories of infant cues, consistent with classical studies of experience-dependent sensory cortical plasticity in non-maternal paradigms. By reviewing the literature from both the maternal behavior and sensory cortical plasticity fields, focusing on the auditory modality, we hypothesize that maternal hormones (predominantly estrogen) may act to prime auditory cortical neurons for a longer-lasting neural trace of infant vocal cues, thereby facilitating recognition and discrimination. This could then more efficiently activate the subcortical circuit to elicit and sustain maternal behavior.
Introduction
Parental behaviors are an evolutionarily conserved social behavior observed across vertebrate species (Numan and Insel, 2003) . These behaviors first arise after birth when parents respond to sensory cues from their offspring and are maintained until infants reach independence. In mothers, these behaviors are facilitated by a slew of hormonal changes that alter her overall physiological state during parturition. The major hormonal changes that accompany parturition are a surge of steroid hormones, namely estrogen and progesterone, which in turn modulate the release of other key neurochemicals like oxytocin and prolactin (Kendrick, 2000; Kinsley, 2008; Neumann, 2009) . Changes in the levels of these steroid hormones and neurochemicals can then alter neural activity, gene expression, synaptic plasticity and neuronal structure within the circuitry of the maternal brain, ultimately initiating and retaining a mother's behavioral responsiveness to infant cues.
Much of the work to understand the brain mechanisms of maternal behavioral has led to the delineation of a canonical hypothalamic-limbic circuit involved in the onset and maintenance of maternal responsiveness. This circuit -with key nodes in the medial preoptic area (MPOA), amygdala, ventral tegmental area (VTA), and nucleus accumbens (NAcc) -is critical for the motivational aspects of motherhood (Numan and Sheehan, 1997; Numan and Insel, 2003; Numan, 2007) . However, even though some studies suggest a further role of this circuit in consolidating maternal memories (Lee et al., 1999b; Li and Fleming, 2003; Numan and Insel, 2003) , we still do not completely understand where the long-term engram of offspring cues are stored. In particular, a usual assumption of the canonical model is that the neural input forward from sensory cortices representing these stimuli enters the subcortical circuit in the same way regardless of whether or not a female has been or is a mother. The main reason why mothers respond more positively to those cues than females that have never had or raised infants is then explained by intrinsic processing differences within the canonical circuit arising in part from hormonal modulation (Numan and Insel, 2003; Numan and Stolzenberg, 2009) . However, this model does not fully incorporate the role of plasticity in the sensory input itself, which could arise as the cues from offspring become more salient. In fact, such sensory plasticity, possibly aided by hormonal priming in the maternal context, could be an important contributor to the formation and retention of maternal memories by providing a more efficient activation of the subcortical maternal circuit to more readily elicit the maternal responsiveness of experienced mothers.
The role of experience-dependent sensory cortical plasticity and its interplay with hormonal effects on neural circuits is a relatively new topic in the neurobiological research of both maternal behavior and sensory processing (Miranda and Liu, 2009; Pinaud and Tremere, 2012) . Here, we make the argument for the view that sensory plasticity contributes to the establishment of maternal memories in order to facilitate the recognition of and differential response to infant cues. Since this topic lies at the intersection of otherwise separate bodies of research on sensory processing and maternal behavior, we try here to review the literature that may be unfamiliar to one or another side in the hopes that it helps explain the mutual interest in the topic, and spurs a deeper integration of the two. We begin by briefly reviewing work illustrating the importance of infant cues in triggering maternal behaviors, and the function of the canonical maternal motivation circuit in responding to those cues. We then discuss classic as well as recent studies implicating the cortex as a whole, and sensory cortex in particular, in maternal behavior and maternal memory. Although the processing of proximal sensory cues from offspring, such as olfactory and tactile stimuli, has been studied in more depth in the context of maternal behaviors, little is known about the processing of distal cues such as vocalizations that draw approach behavior. Hence, we focus here on the auditory cortex and its processing of vocal cues from offspring, using mice as a primary model, where more research has been conducted, and to which we have also contributed. We argue that experience-dependent plasticity, whose underlying neurobiology has been studied widely using (non-maternal) laboratory learning contexts, is likely a key mechanism in the maternal context through which a neural memory trace of offspring vocalizations is created in a mother's auditory cortex. Finally, we discuss some recent data that leads us to hypothesize that this memory trace of offspring cues might be more robustly established in mothers through a combined role of rearing experience paired with a facilitatory action from steroid hormones like estrogen at parturition.
Importance of sensory processing for maternal behavior
Sensory stimulation by offspring is essential for the performance of maternal behaviors (Kinsley and Amory-Meyer, 2011; Lambert and Kinsley, 2012; Okabe et al., 2012) . For example, olfactory cues from offspring act as powerful overall inhibitors or stimulators of maternal behavior in mammals. Female sheep are repelled by amniotic fluid throughout their estrous cycle and gestation, but for a few hours following parturition, they become attracted to it (Levy et al., 2004; Nowak et al., 2011) . In fact, parturient ewes are more attracted to a fake lamb smeared with amniotic fluid than to one without amniotic fluid (Vince et al., 1985; Gonzalez-Mariscal, 2001 ), while anosmic female sheep are neither repelled by nor clearly attracted to amniotic fluid (Levy et al., 1983) . Rabbits also display similar olfactory preferences in the maternal context: an absence of placentophagia in female rabbits is observed during estrus and pregnancy, whereas most females become placentophagic at parturition (Melo and Gonzalez-Mariscal, 2003) . Even human mothers show olfactory preferences associated with motherhood. In one study, new mothers, 1-month postpartum mothers and nulliparous women were presented with a variety of infant and control odors, and were asked to provide hedonic ratings ranging from very pleasant to very unpleasant. In comparison to the other women, new mothers gave significantly more positive ratings to the infant body odors (Fleming et al., 1993) . Finally, in some rodents like rats, offspring odors are initially aversive to virgins, but acquire a positive valence in mothers after parturition (Fleming et al., 1979; Kinsley and Bridges, 1990; Levy and Keller, 2009 ), when they become important cues for motivating maternal behaviors (Smotherman et al., 1974) . In fact, changes in the interactions between olfactory and maternal systems are thought to underlie this new-found attractiveness by suppressing an intrinsic neural circuit for avoiding unfamiliar odors, which we describe further in Section 3.
As another example, vocal cues from offspring have also been shown to be key triggers for maternal behaviors, particularly for the distal recognition and localization of infants. For instance, when isolated from their mothers, lambs will emit bleats that vary in duration, mean frequency and spectral density of the calls. Ewes can use these acoustic features to individually recognize their own offspring from alien lambs (Searby and Jouventin, 2003) . Similarly, sows can recognize and respond to their piglets by their calls (Maletinska et al., 2002) . In humans, baby cries often reflect an infant's different needs, and in response to these cries, both limbic and auditory processing areas of first-time mothers can show enhanced activation as measured by functional MRI (Lorberbaum et al., 2002; Swain et al., 2007; Swain et al., 2008; Del Vecchio et al., 2009; Landi et al., 2011; Montoya et al., 2012) .
In rodents, which this review focuses on, pups from many species emit bouts of ultrasonic vocalizations (USVs) known as isolation calls when separated from the nest and fellow littermates (Sewell, 1968) (figure 1). Such vocalizations have been argued to arise as a result of dropping body temperature, since pups cannot fully thermoregulate until they reach approximately two weeks of age (Okon, 1970; Blumberg and Alberts, 1990; Blumberg et al., 1992) . Others have made the case that they indicate anxiety or distress in the pup (Winslow and Insel, 1991; Hofer, 1996) , or more general emotional arousal (Shair et al., 2003; Ehret, 2005) . Regardless of their proximal cause, the calls are clearly communicative to those who have learned their meaning. Mothers and even pup-sensitized virgin female mice can recognize USVs and will respond by searching for pups and returning them to the nest (Sewell, 1970; Ehret et al., 1987) . In the mouse maternal model, the playback of the calls alone is sufficient to elicit this approach behavior in motivated mothers (Haack et al., 1983; Lin et al., 2013) , illustrating a key function for the auditory modality in the maternal context. On the other hand, virgin female mice do not naturally prefer the USVs and must learn their meaning through pup sensitization (Ehret, 1987) , since even if they are instrumentally trained to respond to ultrasounds, they do not process them like communication sounds (Ehret, 1987) . Furthermore, mouse pups are also known to emit other, lower frequency vocalizations known as wriggling calls when they are in the nest and trying to attach to the mother's teats (Ehret and Riecke, 2002; Geissler and Ehret, 2002) . These calls require different maternal responses (e.g. adjusting the nursing position, nest building and licking) from the search-and-retrieval elicited by USVs. This demonstrates that the auditory system needs to discriminate between distinct categories of offspring vocalizations to drive appropriate maternal responses.
The role of the auditory system in maternal behaviors may therefore be more elaborate than to simply switch on/off overall maternal responsiveness. In fact, the different sensory modalities by which offspring cues facilitate maternal responses likely require different forms of information processing to elicit appropriate behaviors. This involves not only individual recognition processes that might require sensory memories, but also sensory discrimination between one stimulus requiring a particular response and another stimulus requiring a different response. From a sensory processing perspective, the maternal model sets up a great opportunity to use a natural behavior with robust stimulus-response links to elucidate neural coding along the various stages of information processing from signal input to behavioral output. This would help modernize paradigms for studying sensory coding, since it would require deeper consideration of how a system operates within the natural physiological states of an individual. Even though there will almost certainly be sensory modality-specific differences in the nature of the neural representation of offspring cues and how they are conveyed into the maternal circuit, commonalities are likely to emerge. We focus on one such developing theme, which is the interaction of sensory experience and hormones to alter the neural circuits involved in the maternal response to offspring cues.
The canonical subcortical circuit for maternal motivation to respond to infants
To better appreciate the interest in questions about sensory processing of infant cues, we first consider the output side of the behavior, and discuss the mechanisms underlying the "switch" that activates a mother's behavioral responsiveness to those cues. One key mechanism for maternal motivation is a subcortical circuit that is thought to gate the expression of maternal behaviors. This maternal circuit has been studied in depth in rodents and mostly in rats (Numan and Insel, 2003) , so most of our discussion on the neuroanatomy and hormonal regulation of the maternal circuit focuses on the rat brain, unless otherwise noted. Work from several labs has shown that specific subcortical areas are critical for maternal behaviors such as pup search (appetitive behavior), pup retrieval, anogenital licking and nursing (consummatory behavior). During gestation, parturition and the termination of pregnancy, a cascade of hormonal changes involving estrogen, progesterone and prolactin (Moltz et al., 1970) and their downstream effects help to modify neural activity within the maternal circuit, triggering the onset of maternal behaviors. At this stage, rat mothers find pups cues attractive and potentially rewarding, while the aversive nature of certain pup cues, like odors, is diminished to allow for the expression of maternal behaviors (Numan and Sheehan, 1997 ).
An essential brain area that mediates this maternal motivation is the MPOA (Numan and Stolzenberg, 2009 ), a developmentally telencephalic structure of hypothalamic function (Butler and Hodos, 2005) , and the adjacent bed nucleus of stria terminalis (BNST). It is thought that this area serves as a site of integration for pup-related stimuli to drive subsequent behavioral output through its connections to motor nuclei (figure 2). For example, enhanced Fos (cFos and FosB) expression is observed in the MPOA and ventral BNST in mothers that display maternal behaviors when pups are presented to them (Kalinichev et al., 2000) . Lesioning the MPOA or pharmacologically inhibiting it produces robust deficits in pup retrieval behaviors in pup-sensitized virgins, parturient and postpartum females (Numan and Insel, 2003; Pereira and Morrell, 2011) . More than just playing a role in the motor aspects of responding to pups though, the MPOA may in fact be necessary for seeking the rewarding aspects of responding to pups as well. For instance, when lesioned, mothers will press a lever for food reward but will not press a lever for pup stimuli (Lee et al., 1999a) . Moreover, when the MPOA is pharmacologically inhibited in mothers, they no longer prefer to stay in a chamber that had been paired with pup presentation in a conditioned place preference (CPP) test, a classic paradigm for testing the motivational effects of different sensory cues (Pereira and Morrell, 2010) . Such data have therefore led to the suggestion that the MPOA/BNST complex controls the appetitive motivation to respond to offspring cues.
The mechanism for such regulation likely begins with the connection between the MPOA and the mesolimbic dopaminergic pathway (Numan, 2007) , a pathway that is conserved across vertebrate species and that mediates reward-seeking in a variety of behavioral and addiction paradigms (O'Connell and Hofmann, 2011) . The MPOA sends efferent input to the VTA (Simerly and Swanson, 1988; Geisler and Zahm, 2005) , whose dopaminesynthesizing neurons project diffusely across the brain. These VTA projections are critical for the motivation required for appetitive maternal behaviors. In fact, if the VTA is inhibited in a mother prior to a CPP test of preference for either pups or cocaine, mothers that would otherwise choose pup stimuli in normal circumstances no longer display such a preference (Seip and Morrell, 2009; Pereira and Morrell, 2011) . The key projection underlying the VTA's role in motivating maternal behavior appears to be through the NAcc. The NAcc has a GABA-ergic projection to the ventral pallidum (VP), whose connection to motor areas regulates behavioral output. According to one influential model of maternal motivation (Numan and Sheehan, 1997) , under the effect of hormonal priming and pup stimuli, the MPOA enhances motivation to respond to pups by disinhibiting the VP. It is argued that the MPOA's excitatory input into the VTA drives increased dopamine release in NAcc, resulting in the activation of D1-like dopamine receptors that ultimately suppresses NAcc output. This inhibition of NAcc output releases the VP from its GABA-ergic inhibition, and thus increases the behavioral responsiveness to pups (figure 2).
Specific evidence in support of this model comes from several studies, which are more thoroughly reviewed recently in (Numan and Stolzenberg, 2009 ). First, a unilateral knife cut of lateral MPOA connections along with a contralateral electrolytic lesion of the VTA produces a drastic inhibition of nest building and pup retrieval, emphasizing the necessity of the bilateral connections between MPOA and VTA (Numan and Smith, 1984) . Indeed, lesioning the VTA by applying the dopaminergic neurotoxin 6-hydroxydopamine also decreases the expression of maternal behaviors in postpartum rats (Hansen et al., 1991) . The importance of the NAcc as a target of dopaminergic modulation comes from observations that dopamine release is in fact increased in the ventral striatum during maternal behaviors (Hansen et al., 1993) . Significantly, depletion of NAcc dopamine produces a decrease in maternal behaviors (Hansen, 1994) . Dopamine D1-like receptors in NAcc may be the primary target on which the neurotransmitter acts to modulate maternal motivation. Selective inhibition of D1-like receptors in NAcc decreases active components of maternal behaviors like pup retrieval (Numan et al., 2005b) , whereas D1-like receptor stimulation enhances it (Stolzenberg et al., 2007 (Stolzenberg et al., 2010 . The NAcc cell type expressing these D1-like receptors is still being investigated. Nevertheless, given that maternal interactions with pups normally increase the NAcc expression of the immediate early gene activity marker, cFos (Lonstein et al., 1998) , it is thought that heightened activity of local inhibitory interneurons in NAcc (Numan, 2007) may suppress the NAcc's GABA-ergic output to the VP. To test the idea that the VP may be normally disinhibited in mothers, injection of the GABA agonist muscimol into the VP of postpartum female rats decreases both retrieval and nursing behaviors, as predicted (Numan et al., 2005a) . Finally, a unilateral neurochemical lesion to the MPOA with a contralateral VP lesion has been found to decrease pup retrieval in postpartum mothers, consistent with the view that an essential final pathway for MPOA's effect on motivating maternal behavior flows through the VP (Numan et al., 2005a) .
Besides this facilitatory gating circuit for maternal motivation, in female rats (at least) there is also an infant avoidance circuit that must be "switched" off in mothers. In virgins, this avoidance mechanism underlies the aversive nature of novel pup cues. It is mediated through the amygdala, a region known to regulate defensive behaviors and aggression. Olfactory cues from pups are conveyed from the primary and accessory olfactory systems to the medial amygdala, which then projects directly to the MPOA/BNST (Simerly and Swanson, 1986) . When the medial amygdala is lesioned in virgins, they no longer avoid pups and develop full maternal behaviors upon pup exposure more quickly than shamlesioned animals (Numan et al., 1993) . Electrical stimulation of the medial amygdala predominantly inhibits MPOA neurons (Gardner and Phillips, 1977) , and delays the onset of maternal behavior (Morgan et al., 1999) . The facilitation of maternal behavior produced by amygdala lesions can be abolished by lesions of the MPOA, suggesting that the amygdala's inhibitory role on maternal behavior must be mediated by interactions with the MPOA (Fleming et al., 1983) . This interaction could be through their direct connections, or through neurons in the medial amygdala that project to the anterior hypothalamic nucleus (AHN), which in turn projects to the midbrain periaqueductal gray (PAG). These are both regions involved in fearfulness and avoidance behaviors, and it has been suggested that they may receive inhibitory input from the MPOA/BNST complex (Numan, 2006) . Hence, in rat mothers, it is possible that under the influence of parturition related hormones, pup cues activate the MPOA, which then suppresses avoidance responses through its interaction with the AHN and PAG, thereby allowing maternal behaviors to be expressed. The same mechanism probably functions in wild mice (McCarthy and Vom Saal, 1985) , but may not be essential in many strains of laboratory mice, since virgin females can often show spontaneous maternal responsiveness (Gandelman et al., 1970 ).
The amygdala is not the only source of sensory information into the maternal circuit. Early tracing studies found that the ventral subiculum likely relays sensory cortical information that converges in the perirhinal cortex, which provides input to the subiculum, to the lateral MPOA (Simerly and Swanson, 1986) . There is also evidence that the MPFC, consisting of the anterior cingulate, prelimbic and infralimbic cortex, plays a sensorimotor integration role that contributes to the performance of maternal behaviors. The MPFC communicates with orbital prefrontal cortex, which is a well-known site for multisensory integration, and provides an important pathway for cortical output to limbic areas like the nucleus accumbens and amygdala (Öngür and Price, 2000; Morgane et al., 2005) . Site specific inactivation within the MPFC has elucidated unique roles for each of its distinct components. For example, the anterior cingulate does not appear to play an essential role in maternal behavior, since lesions here only resulted in a slower rate of pup retrieval -perhaps because of retrograde damage in the anterior thalamus (Slotnick and Nigrosh, 1975) . On the other hand, the infralimbic cortex, but not the prelimbic cortex, plays an important role in both pup retrieval and nursing during the early postpartum stage in mothers (Febo et al., 2010; Pereira and Morrell, 2011) . As time progresses though, the necessary facilitatory role of the infralimbic cortex is diminished, and instead the prelimbic cortex begins contributing more to the expression of maternal behaviors (Febo et al., 2010; Pereira and Morrell, 2011) . Therefore, MPFC components apparently act as an important pathway for integrated sensory cues emitted by pups to reach the maternal motivation circuit. Interestingly though, theories about the functioning of this maternal circuit leave out details about changes in the sensory input coming into it, and focus instead on intrinsic changes within it that may be hormonally modulated to switch on maternal behavior.
Maternal hormones facilitate the onset of maternal responsiveness and its consolidation
The hormonal environment during parturition plays a key role in the rapid onset of maternal behaviors. The critical changes in hormones include a rise in levels of estradiol, placental lactogens and pituitary prolactin superimposed on a steep fall in serum levels of progesterone which occurs at the end of a 22 day pregnancy in rats (Moltz et al., 1970; Zarrow et al., 1971 ) (reviewed in (Numan and Insel, 2003) ). Early studies established that circulating hormones in a new mother act to quickly induce maternal responsiveness, even to the point that transfusing her blood into a virgin female can switch on the latter's maternal behavior within a day (Terkel and Rosenblatt, 1972) . Moreover, if ovariectomized and/or hysterectomized virgin rats are subjected to a maternal hormonal paradigm, the latency for most animals to display maternal behaviors is reduced to 1-2 days from 5+ days on exposure to pups (Moltz et al., 1970; Zarrow et al., 1971; Siegel and Rosenblatt, 1975) , again suggesting that these hormonal changes facilitate the fast onset of maternal behaviors.
Given the subcortical maternal circuit outlined in the previous section, a natural question is where maternal hormones exert their effects on the onset of maternal behavior. Many key neuromodulatory brain areas, including those like VTA that are a part of the maternal circuit, express hormone receptors and could be potential targets (Miranda and Liu, 2009 ). The predominant theory though is that the MPOA is an essential actor. It is rich in estrogen receptors (Champagne et al., 2003) , and when estrogen are directly implanted there versus just given subcutaneously, the latency to begin showing full maternal behavior is virtually eliminated in 16-day pregnant, hysterectomized, and ovariectomized female rats that would otherwise be slow to engage maternally with pups (Numan et al., 1977) . It is therefore possible that hormonal priming of MPOA may lower the threshold to activate the downstream maternal gating circuit and suppress the avoidance circuit (Numan and Insel, 2003) .
While maternal hormones act to immediately stimulate maternal behavior at birth, experience with infants is of course also needed. Interestingly, experience without a maternal hormonal profile can also produce animals that act maternally, even in ovariectomized virgin rats and mice (Rosenblatt, 1967; Ehret and Koch, 1989) . However, at least in rats, this experience-based "sensitization" to infants generally takes longer to produce full maternal behavior than it does in parturient females (Rosenblatt, 1967) , which is consistent with a facilitatory but not mandatory role for hormones during experience. In fact, once animals are maternally responsive, the maintenance of maternal behaviors only involves continued offspring experience, and does not require continued levels of maternal hormones. This is apparent from manipulations such as hypophysectomy (removal of the pituitary gland), ovariectomy, adrenalectomy, and progesterone administration that do not affect the expression of maternal behaviors (reviewed in (Numan and Insel, 2003) ). Hence, the neurobiological changes that underlie an increased behavioral responsiveness to infants can be fostered with or without maternal hormones, but the latter acts to facilitate those changes.
Direct infant experience also mediates a faster latency to reengage in consistent maternal behaviors after a prolonged separation from pups, an effect known as "maternal memory," which has been extensively explored in rats. If experience is prevented by removing pups at birth or by caesarean section, these mothers tested from 1 to 3 weeks later are much slower to begin showing full maternal behavior than those who had some minimal pup care experience after parturition (Bridges, 1975; Fleming and Sarker, 1990) . In another possible facilitatory role for maternal hormones, their presence during the initial experience caring for infants may help to strengthen maternal memory. Indeed, pairing maternal hormonal changes with pup experience facilitates future maternal responsiveness in the absence of additional hormonal triggers (figure 3). For example, if primiparous or pup-sensitized virgin females are allowed to provide full maternal care to pups for 2 days before separating from pups, and then tested 55 days later by re-exposing them to foster pups, primiparous mothers show shorter latencies to re-express full maternal behaviors (figure 2) (Scanlan et al., 2006) . Such first-time mothers also have enhanced cFos expression in the NAcc and medial amygdala compared to the pup-sensitized virgins (Scanlan et al., 2006) . Since their hormonal environments upon re-exposure are similar, the neural differences may well be due to more robust plasticity in the maternal hormonal environment during the initial pup exposure, which then helps establish a stronger maternal memory. It is therefore tempting to speculate on the possibility that parturition related hormonal events may be akin to developmental organizational events when pathways are laid out with the help of a series of profound endocrine events (Simerly, 2002; McCarthy, 2010; Adkins-Regan, 2012) . Once mothers are exposed to pups at the end of parturition in tandem with her specific maternal physiological environment (high estrogen and decreasing progesterone levels), neural circuits are established such that no further hormonal stimulation is required for continued maternal responsiveness or its consolidation for long-lasting retention (Numan and Stolzenberg, 2009 ).
Where might maternal hormones act to help encode a stronger maternal memory? This seems to be still largely an open question. One distinct possibility is that synaptic plasticity occurs within the subcortical maternal circuit itself. For instance, during the initial experience with pups, connections within the MPOA may be strengthened so that in a future encounter with pups when maternal hormones are not at a level to facilitate MPOA activity, maternal responsiveness can still be readily engaged by the same sensory drive into the circuit. Alternatively, plasticity might be occurring within, or at least be facilitated through, other components of the maternal circuit. In particular, the shell region of the NAcc has been implicated in the consolidation of maternal memories, since lesioning it before but not 24 hours after pup experience disrupts the re-emergence of maternal behavior after 10 days of pup separation (Lee et al., 1999b; Li and Fleming, 2003) . Importantly, these results indicate that the site of the long-term storage of the maternal memory lies outside the NAcc itself, either in other parts of the maternal circuit or beyond it. Where the memory is housed and whether maternal hormones might act to strengthen its encoding during infant experience are key questions that motivate this current review.
Sensory components of maternal memories
Is the basic nature of maternal memory just a matter of prior infant experience making the output "switch" for maternal responsiveness easier to turn "on"? That would presumably be a reasonable interpretation for plasticity within the maternal gating circuit itself. This could certainly be part of the answer, and there is some evidence for plasticity in the pup cueelicited dopaminergic release in the NAcc of multiparous females compared to recently pupsensitized virgins (Afonso et al., 2008) . Even so though, it is also possible that such maternal circuit changes reflect alterations in the sensory input as a result of infant cues having acquired more salience through experience. In that sense, there are likely components of the maternal memory that are sensory in nature. In fact, individual recognition and discrimination between infant cues are problems that the sensory systems themselves are almost certainly solving using prior experience. Indeed, as we review in Section 6, experience-dependent plasticity in a sensory system, which is known to occur in many laboratory learning contexts, can also be found within the natural maternal context.
Where and how the memories of infant sensory cues are stored have therefore become relevant questions for understanding the consolidation of maternal responsiveness. One can begin to address the sensory-specific aspects of this maternal memory by stimulating individual modalities with infant cues and assaying behaviors that require correctly interpreting those cues, such as recognition and discrimination tasks. This goes beyond the traditional method of measuring the amount or quality of various maternal behaviors. This has, for example, been carried out in sheep, where olfactory recognition tests and auditory/ visual two-choice paradigms have been used to assess how much experience with lambs ewes require before they are able to show a preference for their own lambs based only on the tested sensory modality (Keller et al., 2003) . Using such paradigms, early studies of olfactory recognition of individual lambs by ewes suggest that key sites of neural plasticity lie within the sensory system itself . In particular, selective olfactory recognition of lambs is correlated with an increase in the responsiveness of mitral cells in the ewe's olfactory bulb to her own lamb's odors (Kendrick et al., 1992) , and the neurochemical changes in the bulb that underlie this electrophysiological plasticity persist in multiparous ewes (Keverne et al., 1993) . Furthermore, a seminal study by Kendrick and colleagues has demonstrated that nitric oxide released by mitral cells modulates the release of glutamate by both mitral and granule cells potentially contributing to olfactory memories in sheep (Da Costa et al., 1997; Kendrick et al., 1997) . Plasticity mechanisms are even engaged in higher-order cortical areas processing sensory information, since initial lamb experience activates the plasticity-related immediate early gene, zif/268 in the ewe's orbitofrontal cortex, potentially to encode the lamb's olfactory memory (Da Costa et al., 1997) .
Whether maternal hormones might facilitate experience-dependent sensory plasticity mechanisms for processing infant cues is not that well understood. Studies of auditory processing in the maternal context have begun to hint at this. First, an fMRI study in human mothers who delivered their infants either vaginally or through cesarean section (and thus did not have a full neurohormonal experience from vagino-cervical stimulation during birth) found that the former had greater activation in auditory cortex for baby cries in general and their own baby cries in particular, when scanned 2-4 weeks after birth (Swain et al., 2008) . Second, studies in mice suggest a particular role for estrogen in the onset and retention of infant vocalization recognition. For example, the responsiveness of pup-sensitized virgin female "cocarers" to the playback of pup-like wriggling calls reportedly changes as a function of estrus, suggesting that ovarian hormones help regulate motivation to respond to pup vocalizations in virgin mice (Ehret and Schmid, 2009 ). However, estrogen acting alone does not by itself enable recognition of pup-like USVs, since ovariectomized virgin females given estrogen implants (OVX+E2) do not show a preference toward pups calls in the absence of pup experience . After 5 days of pup experience though, OVX+E2 females as well as intact cocaring virgins prefer pup-like USVs Koch and Ehret, 1989) . On the other hand, ovariectomized females that do not have estrogen implants do not prefer the USVs even after 5 days of pup experience , and instead need 21 days of pup experience to develop a call preference . These data suggest that in virgins, estrogen hastens and facilitates the learning of a salient auditory cue such as a pup call over a short period of interaction with pups. In addition, a longer period of interaction with pups allows for similar learning in the absence of normal physiological levels of estrogen. This pattern is reminiscent of the facilitatory but not mandatory role of maternal hormones on the onset of general maternal responsiveness, as discussed in Section 4. Interestingly, the retention of pup call recognition also follows a similar pattern. Intact mothers prefer pup-like USVs up to one month after the pups are weaned, while ovariectomized pup-sensitized cocarers no longer display such a preference by this time point . Since hormonal cycles would have returned to normal in mothers by this late time point, those data suggest that the presence of estrogen may help strengthen the encoding or consolidation of auditory memories of infant vocalizations (figure 3).
Where and how might these auditory-specific infant memories be stored? Just as in the olfactory-specific case, a natural place to look for plasticity is within the auditory system itself, particularly at the cortical level. As we discuss in the next section, a large body of work based on non-maternal laboratory training paradigms suggests that the auditory cortex contains a physiological trace of behaviorally relevant sounds (Weinberger, 2004) . In fact, some current models of long-term memory posit that experiences are consolidated during sleep through the coordinated replay of neural activity in the hippocampus and sensory cortex (Ji and Wilson, 2007) . This is consistent with strong evidence from human patients and animal studies that the hippocampus and larger medial temporal lobe are involved in memory consolidation, but that "remote" memories of past experiences are actually distributed in synapses across a wide range of cortical areas that would be involved in processing the information contained in those memories (e.g. piriform cortex for olfactory memories) (Squire and Bayley, 2007; Takashima et al., 2009 ). Indeed, inhibiting in gustatory cortex the enzymatic activity of a specific protein kinase (PKMzeta) required for the maintenance of long-term potentiation in synapses, a presumed substrate for memory, has the practical effect of "erasing" the memory of a conditioned taste aversion that is mediated through that cortical area (Shema et al., 2007) . Hence, plasticity within cerebral cortical areas in general, and sensory cortical regions in particular appear to be essential for the long-term storage of learned experiences. This thereby motivates a closer look at the role of the cortex in maternal behavior and memory.
In truth, there were early indications that the cerebral cortex in fact plays a role in maternal care, but this has been subsequently under-investigated in most animal research. Studies performed in the 1930s and 1940s suggested that the cortex as a whole, including sensory cortex, contributes to effective maternal behavior and maternal memory. Frank Beach found that when large portions of the cerebral cortex of adult primiparous female rats were destroyed 30+ days prior to parturition, maternal behaviors like nest-building, retrieval and care of new born pups were significantly impaired compared to control females. This was also true if animals were operated as juveniles and became mothers as adults, suggesting that animals are able to survive and mature without their cortex. Although the locus of the lesion did not seem to matter, the size of the cortical lesion was correlated to the extent of behavioral impairment observed (Beach, 1937; Beach Jr, 1938) . A separate study showed that bilateral decortication greatly impairs the onset of maternal behaviors after parturition: such animals do not nurse, build nests, groom or retrieve their young (Davis, 1939) . While none of the lesions in those studies were specific to sensory cortices, the damage certainly overlapped with them. Hence, the cerebral cortex overall, including sensory areas, plays a role in maternal behavior, although a caveat to these early studies is that whether maternalspecific or nonspecific disturbances in motor and sensory function were responsible could not be clearly dissociated. Nevertheless, since the subcortical maternal circuit in these animals was intact, the studies further suggest that this circuit's actions in maternal behavior ultimately must be considered in the context of its connectivity to the whole brain, potentially including sensory input connections. Finally, we note that a few subjects in these lesion studies raised pups successfully prior to decortications, but were not successful mothers after decortications. Thus, prior experience cannot salvage the performance of decorticated mothers (Davis, 1939) . This observation is consistent with the possibility that cortex not only processes infant cues, but could also aid in storing maternal memories of those cues, which would facilitate the reemergence of maternal behaviors in multiparous mothers.
Experience-dependent plasticity in the auditory cortex for learning behaviorally salient sounds
While the research on maternal behavior discussed above now motivates a deeper investigation into the role of the cerebral cortex in general and sensory cortex in particular, the converse is also true. Studies of sensory coding and plasticity are also beginning to find value in exploiting the maternal context as a natural paradigm for sensory learning and memory. A large body of research has already implicated primary sensory cortex as a potential site for long-term memory traces of behaviorally relevant stimuli, which underlies our hypothesis that it could play an essential role in the maternal context. Ongoing work in this field is elucidating the detailed form and time course of this trace, mostly at the electrophysiological level. In this section, we briefly review some key points from this research, which has generally employed traditional laboratory models of conditioning and learning, and explain how that has motivated more natural studies of sensory cortical plasticity in the maternal context.
A historically important concept in sensory neuroscience has been that of the neuronal receptive field or tuning curve. A sensory neuron at any stage of processing between the periphery and the cortex varies its action potential firing rate systematically in response to parameterized changes in a stimulus dimension. In the auditory modality, this dimension has traditionally been chosen to be the frequency of a purely tonal sound, or its intensity. The frequency tuning curves one derives can then be characterized by measures such as the "best frequency" (BF), which is the sound frequency that elicits the strongest response at any intensity. The value of such a characterization is that throughout the auditory pathway, BF is spatially organized so that neurons tuned to different frequencies are positioned along a gradient, referred to as a tonotopic gradient or map. Note though that despite each single neuron (or unit) or cluster of neurons (multiunit) having a defined BF, the tuning curve itself can have a broad tuning width, so that the unit may in fact respond to sounds even an octave frequency away from its BF. This is important because frequency tuning curves of auditory cortical neurons are plastic, so that responses to sounds within a unit's tuning bandwidth can change. In particular, both the shape of a tuning curve as well as its BF can be altered.
In adult animals, the plasticity of the frequency tuning curve in primary auditory cortex was demonstrated early on in a fear conditioning paradigm (Bakin and Weinberger, 1990) by pairing a shock with the presentation of a specific tone frequency (conditioned stimulus, CS) while recording from cortical neurons in an anesthetized animal. This conditioning produced an increase in the neuron's tuning curve near the paired frequency, often resulting in a shift of its BF towards the paired frequency. On a global scale, such receptive field plasticity would presumably occur in many neurons simultaneously during conditioning, thereby yielding an overall expansion in the proportion of primary auditory cortical neurons tuned near the paired frequency. This would therefore distort the tonotopic map, so that a larger cortical area would be responsive to the CS (Rutkowski and Weinberger, 2005) . This experience-dependent receptive field and corresponding map plasticity have been thought to be mediated primarily through the cholinergic neuromodulatory system during learning of the stimulus' significance. In fact, direct pairing of a tone with electrical stimulation of the nucleus basalis, which provides the predominant source for cholinergic input into the forebrain, also produces robust receptive field shifts and auditory cortical tonotopic map expansion (Bakin and Weinberger, 1996; Kilgard and Merzenich, 1998) . Pairing via stimulation of other neuromodulatory systems, like the dopaminergic VTA or the noradrenergic locus coeruleus, can similarly drive comparable plasticity in the tonotopic map (Bao et al., 2001) or receptive field (Edeline et al., 2010) . Such results support the consensus that activation of neuromodulatory neurotransmitter systems, perhaps through arousal, attentional or motivational processes (Gu, 2002) , facilitates sensory cortical plasticity. Importantly for the purposes of our discussion, most of these neuromodulatory systems are also activated by pup interactions in the maternal context, making it likely that sensory cortex is placed in a permissive state for plasticity to infant cues during maternal experiences.
The functional role of such retuning plasticity within the auditory cortex has been debated widely (Ohl and Scheich, 2005; Weinberger, 2007) . There is evidence that it can correlate with altered perceptual discrimination (Recanzone et al., 1993; Han et al., 2007) and/or detection abilities for the learned sounds (McLin et al., 2002; Froemke et al., 2013) . In fact, one study even suggests that the form of auditory cortical map plasticity observed directly relates to the perceptual relevance of behaviorally predictive acoustic features (Polley et al., 2006) . Using the same behavioral apparatus, rats either learned that a tone frequency or intensity cue predicted reward. A double dissociation in primary auditory cortex was then revealed: rats that were trained on a frequency target exhibited only tonotopic map plasticity; those trained on an intensity target showed plasticity in their map of best sound intensity, but not BF. Moreover, these changes were correlated with the individual performance of animals in each task. Hence, retuning appears to provide a physiological memory trace for behaviorally relevant stimulus features within sensory cortex (Weinberger, 2004) , which may then contribute to an improved functional processing of that sound. In fact, retuning has been reported in some cases to last for up to 8 weeks after training (Weinberger et al., 1993) , presumably maintained through long-lasting changes in synaptic weights.
Despite this volume of work on auditory cortical plasticity using laboratory learning paradigms, a key question has persisted: is it relevant for learning in natural contexts? In studies like those mentioned above, single frequency pure tones that otherwise have no ethological meaning to an animal are used for intensive training or conditioning, thereby imbuing these synthetic sounds with behavioral significance. Using frequency receptive fields and tonotopic maps, which are based on the responses to such tones, makes sense in this case as a measure of plasticity. However, in real life, meaningful sounds that are encountered are more complex in their spectrotemporal characteristics. One study reported that low frequency tones that make up the spectrum of sounds from a water reward delivery system used in an instrumental training paradigm can also be overrepresented in the auditory cortex after extensive training with the device (Rutkowski and Weinberger, 2005) . Even in this case though, would simply expanding one frequency range of representation constitute the only or final mechanism for storing the physiological traces of important sounds? What happens when sounds in different frequency ranges acquire different meaning over time? If the sensory cortical memory only involved expansion in the representation of the cortical map, there would be a limit to how many different natural stimuli could be stored.
This conundrum has led to the more recent hypothesis that large-scale retuning and map expansion contribute to learning, but that the long-term engram within auditory cortex lies within specific subsets of neural network connections that have been altered by the experience (Kilgard, 2012) . This is supported by a recent study, which found that inducing cortical map expansion with nucleus basalis stimulation accelerates learning a tone discrimination task, but that map expansion can actually disappear over time even though behavioral performance is maintained (Reed et al., 2011) . The absence of map plasticity after perceptual training was also observed in a few other studies (Brown et al., 2004; Takahashi et al., 2010) . Which particular neurons and synapses are involved in storing an engram may well depend on the detailed specifics of the learning paradigm and acoustic features of the behaviorally relevant stimulus (Shepard et al., 2012) . Moreover, the correlates of the engram may exist not just as changes in firing rates of those neurons, but potentially in the timing of the action potentials (Schnupp et al., 2006) . These possibilities argue for looking at plasticity in the responses to the specific complex sounds themselves, rather than focusing simply on firing rate tuning curves for pure tones as the main measure of plasticity. Moreover, the potential that the exact form and time course that plasticity takes will be determined by the details of the learning context has highlighted the need to adopt more natural learning contexts to better understand how auditory cortical plasticity proceeds in real situations with natural stimuli and rewards. Thus, since a goal in auditory neuroscience has been to elucidate the auditory processing of communication sounds, studies are beginning to explore contexts where the meanings of species-specific vocalizations are learned through natural social interactions rather than instrumental training. This has therefore motivated interest in using the maternal mouse model to study the coding and plasticity underlying the acquisition of the behavioral significance of pup vocalizations.
Auditory cortical plasticity for infant calls in the maternal context
In the context of motherhood, experience-dependent plasticity studies such as those discussed above have led to the hypotheses that maternal experience will leave lasting changes on auditory cortical responses to infant vocalizations, which will then alter the nature of the sensory cortical representation that drives downstream input into the subcortical maternal circuit, thereby affecting maternal behavioral responses. As the debate on the function of map plasticity demonstrates, while these hypotheses are reasonable, they are by no means foregone conclusions. In fact, experience-dependent sensory cortical map plasticity in the maternal context was already observed transiently in the somatosensory system, but its correlates disappear soon after nursing experience ends. Specifically, 2-3 weeks of nursing in postpartum lactating rats enlarges the cortical representation of the ventral trunk region where the nipples are located (in comparison to postpartum rats separated from their pups at birth) (Xerri et al., 1994) , but these changes are gone in the weeks after the end of nursing (Rosselet et al., 2006) . Hence, in the context of infant vocalizations, a key question is whether there are changes in auditory cortical responses to pup calls that may then persist beyond the maternal experience (i.e. weaning), which might then help facilitate the reemergence of maternal behavior.
A series of studies from different laboratories have begun to find support for this in the mouse maternal model introduced in Section 2. The first hint that motherhood alters the auditory cortical response to pup calls in mice came from a cFos study of primiparous mothers with their 7-day old pups listening to the playback of USV models (Fichtel and Ehret, 1999 ). Significant differences in cFos expression relative to pup-naïve virgin females were found in both a core auditory cortical field (ultrasound field), as well as so-called higher order noncore fields (secondary auditory field and dorsoposterior field). The same lab using similar methods more recently reported that regions of the subcortical maternal circuit, including the MPOA, were differentially activated between mothers and recently pupsensitized virgin cocarers by acoustic models of pup USVs (Geissler et al., 2012) . Importantly, the level of MPOA cFos expression could not be simply explained by differences in pup retrieval performance during call playback, and thus was not just a readout for maternal motivation. Instead, for mothers and virgins, the MPOA showed significantly different expression for different call models that were either more or less similar to the stereotyped natural pup USV, indicating that this key gateway into the maternal circuit is sensitive to acoustic features in potentially salient sounds. In fact, the authors interpreted the pattern of expression across groups as reflecting the perceived "news value" of the call models, which they argued as being different for mothers and recently pup-sensitized cocarers. Whether the neural activity driving MPOA already reflects this "news value" of the sounds is still unknown, and would ultimately need to be traced from its origin in the auditory system. Electrophysiological measures of auditory cortical neural responses to pup USVs further demonstrate how the calls' acquired behavioral relevance alters their representation, even in 1-2 week post-weaning mothers who are well beyond the period (by ~2+ weeks) when their pups would have reached their peak vocalization rates (Haack et al., 1983) . Intriguingly, the plasticity is not apparent in as simple a manner as one might expect. Multiunit recordings in anesthetized post-weaning mothers and age-matched, pup-naïve virgins found that overall neural firing rates elicited within the core auditory cortex are not significantly different for various exemplars of pup USVs (Liu et al., 2006; Liu and Schreiner, 2007) . Instead, the temporal pattern of multiunit spiking to individual natural calls (Liu and Schreiner, 2007) or bouts of calls (Liu et al., 2006) is significantly different in mothers, in agreement with other studies finding that temporal coding is important for the representation of vocalizations (Schnupp et al., 2006; Huetz et al., 2009) . While altering the timing of responses may seem like a minor change, doing so can significantly improve the transmission of information for detecting and discriminating individual pup USVs in mothers (Liu and Schreiner, 2007) . Moreover, it has the effect of enhancing the ability of the (anesthetized) auditory cortex to follow the individual vocalizations in a bout (Liu et al., 2006) . Specifically, cortical multiunits in virgins can only be entrained well up to about a 3 Hz call repetition rate. However, natural call bouts are predominantly emitted by pups at a 5 Hz rate (Liu et al., 2003) , a rate to which a mother's auditory cortex can entrain well (Liu et al., 2006) . This supports the notion that the auditory cortical plasticity produced when the behavioral relevance of a sound is gained naturally actually improves the sound's functional processing for the long-term.
A final study in anesthetized mice provides some insight into possible neural mechanisms that may facilitate how the auditory system changes its response to pup vocalizations as their behavioral meaning is acquired. In vivo cell-attached recordings in the core auditory cortex of female mice found that exposure to pups' body odor can modulate neural responses to pure tones and natural pup calls (Cohen et al., 2011) . This multimodal interaction between pup olfactory and acoustic cues was most prominent in lactating mothers, but also significantly higher in pup-sensitized virgins and post-weaning mothers compared to pupnaïve virgins. Hence, the effects of pup olfactory cues (but not other smells) on auditory cortex were both experience-dependent and long-term. These results raise the interesting possibility that the normal presence of pup odors when pup vocalizations are heard modulates auditory cortical activity, which then helps to "teach" the auditory system about the calls' relevance. In this context, the finding in sheep that auditory/visual cues from infant lambs require longer experience than olfactory cues to learn is quite suggestive (Keller et al., 2003) . More generally, this study reveals a concrete interaction between sensory modalities excited by pup cues in the context of a highly multimodal natural behavior (Febo et al., 2008) .
While studies in anesthetized animals are informative in illustrating differences between groups, they do not tell us how the auditory system performs during active communication in awake animals. As an intermediate step towards exploring auditory cortical activity in freely moving animals, we developed a head-restrained mouse preparation to deliver sounds precisely while recording high-quality single units and local field potentials from awake mice (Galindo-Leon et al., 2009 ). This then revealed a previously under-appreciated form of cortical response to vocalizations -call-evoked inhibitory responses, where inhibition here refers to the reduction of firing relative to baseline spontaneous activity. Single units in both post-weaning mothers and pup-naïve virgins show such evoked responses to a large library of pup vocalizations, but it is significantly stronger in mothers compared to virgins. In particular, this difference in call-evoked inhibition is most prominent at recording sites tuned to frequencies lower than the pup calls' ultrasonic frequency range, which would fall into the non-ultrasonic core auditory cortical fields, primary and anterior auditory cortical fields (Lin et al, in press ). This finding led us to hypothesize that the stronger so-called lateral band call-evoked inhibition observed in mothers may improve pup call detection by increasing the population neural activity contrast between call-evoked responses arising from high-ultrasonic and lateral frequency band neural populations (figure 4). This change in the signal-to-noise of the population representation of the calls could have a benefit if they are emitted in the presence of background noise, since call-evoked lateral band inhibition would help suppress that noise, thereby allowing neural activity in the highultrasonic band to stand out more clearly for downstream areas (Galindo-Leon et al., 2009 ).
Plasticity in call-evoked inhibitory responses in post-weaning mothers raises the question of whether pup experience alone might be sufficient to produce these coding changes (Lin et al., 2013) . Looking first in awake, pup-sensitized virgin cocarers after the pups they had cared for were weaned, we again observed call-evoked inhibition in a subpopulation of core auditory cortical single units. Importantly though, these experience-matched cocarers did not exhibit the same strength of inhibition as observed in post-weaning mothers, and instead more closely resembled pup-naïve virgins. However, recordings from cocarers with more immediate recent experience caring for pups (so-called early-cocarers removed from the litter when pups were 6 days old and recorded in the days afterwards) were more similar in their call-inhibited responses to post-weaning mothers. These results suggest that experience alone can alter this particular form of auditory cortical plasticity, but it is not sufficient by itself to maintain this plasticity for the long-term when the salience of the pup calls has receded into the past. This latter point was reinforced by behavioral results demonstrating that both post-weaning mothers and early-cocarers, which have stronger lateral band inhibition, show a significant behavioral preference for pup calls in a two-alternative choice phonotaxis task, but postweaning cocarers do not. Hence, the fact that mothers show a difference from naïve virgins and cocarers after weaning indicates that the physiology of parturition and/or lactation during her experience with pups likely plays a role in maintaining this inhibitory neural plasticity. In fact, the multimodal study described above found many of its effects to be stronger in the lactating mother, potentially hinting at a direct effect of maternal hormones on auditory cortical activity during pup experience (Cohen et al., 2011) .
Taken together, these studies demonstrate that experience-dependent changes in auditory cortical coding of vocalizations do occur in a natural learning context, and that the mother's physiological state during that experience appears to help these changes last for at least a few weeks beyond weaning. Since information from the core auditory cortex of rodents can be directly transmitted to the amygdala, perirhinal cortex and prefrontal cortex (Budinger and Scheich, 2009 ), a higher signal-to-noise representation pup calls in the auditory cortex of mothers may eventually impact behavioral responses to calls through this sensory area's projections to the subcortical maternal circuit.
A potential role for estrogen in facilitating maternal memory in auditory cortex
The studies discussed above now raise new questions about whether priming by maternal hormones could help to more enduringly alter neural responses in the auditory cortex to salient cues from pup calls, and if so, what cellular and molecular mechanisms enable this. This possibility is particularly intriguing given that the hormonal environment plays an important role in the onset of maternal behaviors and in maternal behavioral memory, as reviewed in Sections 4 and 5. Cyclical modulation of reproductive hormones in females has also been linked to changes in sensory sensitivity (Parlee, 1983) , learning (Maki et al., 2002) perception (Penton-Voak et al., 1999) and sensorineural activity (Walpurger et al., 2004) , providing further impetus to consider their role in maternal sensory memories. Of special interest is the hormone estrogen, because of its role in initiating parturition and its necessity along with pup experience for driving a preference for pup calls in mice , as mentioned in Section 5. Importantly, estrogen also has documented effects on learning and memory, as we describe in more detail below, leading us to formulate a tentative hypothesis that estrogen-dependent mechanisms may help facilitate the long-term storage of maternal memories in auditory cortex.
In rodents, the highest levels of estrogen are attained during the last part of gestation and return to baseline soon after parturition (Miranda and Liu, 2009) . Therefore the phase of intense sensory stimulation from pups coincides with receding estrogen levels. High estrogen levels prior to and during parturition might therefore prime neural circuits for enhanced plasticity to process and store memories of sensory cues after the birth of offspring. Although virgin cocarers can also exhibit changes in auditory cortical responses to pup calls, a key difference from mothers lies in how long-lived those changes are. Here we consider how priming by estrogen might help to maintain plastic changes in the auditory cortex through myriad molecular and cellular pathways, which would then help enable a more efficient future response to salient pup cues.
Estrogen receptors are present in the auditory cortex of both male and female rodents. Immunohistochemistry performed in the rat cerebral cortex has demonstrated that both estrogen receptors alpha and beta are exclusively associated with neurons rather than glia in the cerebral cortex (Kritzer, 2002; Charitidi and Canlon, 2010) . Cellular effects of estrogens are mediated through these receptors, which are present on either the cell surface or at intracellular locations. The biological effects of steroid hormones mainly arise through the classical mechanism of binding to specific intracellular receptors resulting in conformational change, dimerization and recruitment of coregulators for transcription-dependent genomic actions. Genomic actions are initiated when receptors in turn bind to classical estrogen response elements on DNA sequences resulting in synthesis of transcription factors that trigger the activation or inhibition of intracellular signaling cascades (McEwen and Alves, 1999; Luine and Frankfurt, 2012) . A faster mechanism of estrogen action is mediated via an interaction with extranuclear estrogen receptors at the cell surface that then recruit G-protein coupled receptors and signaling kinases, enabling rapid effects of these hormones (Mani et al., 2012) . Either or both these mechanisms of estrogen action could be relevant for hormonal priming of neurons within the auditory cortex during parturition, which would potentially allow neurons to be more receptive and malleable in response to pup calls.
A role for estrogen in behavioral memory has been tested in numerous paradigms in humans and rodents (Luine and Frankfurt, 2012; Pompili et al., 2012) . When estrogen is administered over time, performance of rodents in memory tasks can be enhanced, whereas performance diminishes when subjects are ovariectomized, unless they are given supplemental estrogen (Luine and Frankfurt, 2012) . A key aspect of memory is consolidation, the process by a short-term memories of experiences are converted into a long-term memories. Behavioral studies on the role of estrogen in memory consolidation have revealed that it can enhance consolidation in various learning tasks if delivered within 1 hour after the task is performed (Luine and Frankfurt, 2012) . For example, in a test of object recognition memory, when estradiol or a synthetic estrogen diethylstilbestrol (DES) was administered in ovariectomized subjects immediately after behavioral training, and recognition retention was tested 4 hours later, DES-treated subjects discriminated between old and new objects, but ovariectomized subjects did not (Luine et al., 2003) . Estrogen also enhanced spatial memory in rats performing a Morris water maze task, when administered immediately after the last learning trial. In a retention test 24 hours later, ovariectomized rats that received exogenous estradiol performed far better that ovariectomized controls (Packard, 1998) . Even in the maternal context itself, multiparous mother rats display enhanced performance in hippocampal-based memory tasks as compared to inexperienced females Macbeth et al., 2008) .
Neurophysiologically, estrogen has been implicated in modulating several forms of plasticity, including neurogenesis, morphogenesis, and synaptic plasticity (Woolley et al., 1990; Woolley and McEwen, 1993; Brinton, 2009 ). In particular, estrogens have been shown to play an important role in such dendritic spine plasticity through both in vitro and in vivo studies (Srivastava et al., 2011; Srivastava, 2012) . Changes in neuronal spine density and morphology can alter connectivity within neural circuits, and thus may provide a longterm substrate for enduring neuronal plasticity due to experience and learning (Ethell and Pasquale, 2005) . Relevant for our hypothesis of estrogen effects on auditory cortical memories, treating cultures of cortical neurons with 17-beta estradiol increases dendritic spine protrusions within 30 minutes of application, and these changes can last for up to 60 minutes. Importantly, dendritic protrusions generated in this fashion can form functional connections with pre-synaptic terminals, suggesting that if estradiol levels are maintained, the new connections formed could contribute to circuit function. Since the estradiol-induced spines have a 'thin'-like morphology, it is possible that the spines are associated with synapses that are dynamically active, so that they could be potentiated, stabilized or eliminated (Srivastava, 2012) . That these processes actually occur in motherhood is already demonstrated in a study examining rat hippocampal dendritic spine densities. Both latepregnant and lactating female rats, as well as ovariectomized virgins given an estrogen/ progesterone regimen mimicking pregnancy, have significantly increased spine densities relative to controls with low hormone levels (Kinsley et al., 2006) . These results help justify the focus on estrogen as a potential mediator for priming long-lasting plasticity in auditory cortical neurons.
In fact though, estrogen may not act only directly on cortical neurons to modulate synaptic plasticity and memory. Estrogen could have far-reaching effects on other neurochemical systems that may modulate plasticity in sensory areas (Miranda and Liu, 2009; Matragrano et al., 2011; Matragrano et al., 2012) . For example, the forebrain cholinergic system that is frequently invoked in auditory cortical plasticity studies is maintained by estrogen (Gibbs and Aggarwal, 1998) . Likewise, dopaminergic neurons in the VTA, which is directly activated by the MPOA in the canonical model for the maternal circuit, also express estrogen receptors (Shughrue et al., 1997; Creutz and Kritzer, 2002) . Estrogen can also enhance the responses of glutamate AMPA and NMDA receptors, resulting in the activation of several signaling cascades (Cyr et al., 2001; McEwen, 2002) .
Finally and importantly for motivating our hypothesis, recent research is accumulating evidence for an active role of estrogen in central auditory processing and memory, at least in avian species, where most work has focused on the zebra finch (Taeniopyggia guttata).
Estrogen levels as measured by microdialysis are increased in the auditory area of the avian forebrain known as the caudomedial nidopallium (NCM) when a zebra finch hears conspecific song (Remage-Healey et al., 2008; Remage-Healey et al., 2010) . The NCM is the songbird analog of the mammalian secondary auditory cortex, and it plays a key role in auditory discrimination and song memory. The enzyme aromatase and estrogen receptors are expressed at high levels in this region (Gahr et al., 1993; Peterson et al., 2005) , and both locally synthesized and exogenously administered estradiol modulate auditory evoked activity in the NCM (Maney et al., 2006; Tremere et al., 2009; Caras et al., 2012) . Estrogen has also been implicated in auditory memory storage in NCM. One study administered the aromatase inhibitor, fadrozole, systemically for days before exposing birds to songs . Neural recordings in NCM several hours later then used an adaptation paradigm as a proxy for a neuronal memory of songs. Results from this experiment demonstrated that birds treated with fadrozole had significantly decreased memory for exposed songs compared to controls, but showed similar auditory processing of novel songs. Mechanistically, another study suggests that estradiol activates a MAPK cascade within NCM to facilitate long-lasting (several hour) changes in neural activity and coding . Taken together, this research provides a proof-of-principle that high levels of estrogen can both immediately modulate central auditory neural activity evoked by sounds and mediate more persistent changes in this activity. It therefore lends support to our hypothesis that similar mechanisms may be active in the formation and maintenance of auditory memories in mammalian species.
Since the focus of this review has been on the role of the estrogen in establishing sensory maternal memories, in line with the focus of this Special Issue on steroid hormones, we have not elaborated much on the important role of other neurochemicals in the onset of maternal behaviors and the establishment of maternal sensory memories. However, two in particular bear some mention. First, the protein hormone, prolactin, has been demonstrated to help stimulate the onset of maternal behavior in virgin, steroidally primed female rats (Riddle et al., 1935; Zarrow et al., 1971; Bridges et al., 1985) , where its primary site of action appears to be the MPOA . Intriguingly, neurogenesis within the subventricular zone of pregnant mice is likely mediated by prolactin (Shingo et al., 2003) , and gives rise to new olfactory interneurons that may help enable olfactory learning of infant odors and normal maternal responsiveness (Bridges and Grattan, 2003; Larsen and Grattan, 2010) . It is possible this neurogenesis may also occur in sheep, and play a role in the immediate olfactory recognition of lambs by ewes discussed earlier (Keller et al., 2003) . It is also worth noting that prolactin release is actually stimulated by estrogen (Chen and Meites, 1970) , so that the latter could help orchestrate maternal behavior and memory through downstream effects on prolactin or other neurochemicals.
A second neurochemical of particular relevance is oxytocin, which contributes to social recognition and memory in mice (Ferguson et al., 2000; Ferguson et al., 2001; Choleris et al., 2009) , and plays its own critical role in maternal behavior across species (Gimpl and Fahrenholz, 2001; Blanks and Thornton, 2003) . In particular, if the major source of brain oxytocin, the hypothalamic paraventricular nucleus, is lesioned in pregnant rats, the induction of maternal behavior is significantly impaired (Insel and Harbaugh, 1989) . This is likely due to the disruption of normal mechanisms that would mediate oxytocin's facilitating effects on maternal behaviors, which have been demonstrated by infusing oxytocin directly into the paraventricular nucleus of sheep to presumably activate oxytocin autoreceptors there (Da Costa et al., 1996; Kendrick, 2000) . A recent study also suggests that oxytocin may play an additional role in maternal memory. Infusing oxytocin antagonist into the postpartum rat's NAcc, which is necessary for the consolidation of maternal memory as described in Section 4, impairs the reemergence of maternal behavior when tested 10 days after a 1 hour maternal experience (D'Cunha et al., 2011) . While oxytocin expression can also be regulated by estrogen (Richard and Zingg, 1990 ), this may not occur strongly in the oxytocin-releasing neurons of the rat paraventricular nucleus (Peter et al., 1990; Gimpl and Fahrenholz, 2001) , so that a more complete model of maternal sensory memories may require incorporation of distinct roles for both these hormones. Indeed, it should be emphasized that estrogens are only one of the important components of the molecular cascades that regulate maternal memory, but a complete review of all the potential players would be beyond the scope of the current review.
Conclusions
Overall, our synthesis of the literature on maternal behavior and memory with research on experience-dependent sensory cortical plasticity has led us to propose that the auditory cortex is a key site where an engram of pup vocalization cues is stored, and that estrogendependent mechanisms active in the period during pup care help prime auditory cortical neurons to create a longer-lasting memory of those sounds. Modified sensory circuits would presumably differentially activate the subcortical maternal circuit, which would then help facilitate the maintenance of maternal behaviors and mediate enhanced maternal responsiveness in multiparous females. Certainly a large number of experiments are needed to further test this hypothesis. For example, blocking estrogen receptors in the auditory cortex in mothers during parturition could shed light on the role of site-specific estrogen signaling for creating a long-term memory trace, both at the electrophysiological as well as behavioral levels. Other experiments could more deeply explore the molecular mechanisms of plasticity by assaying the expression of genes encoding key estrogen-modulated growth factors involved in synaptic plasticity, such as BDNF. In fact, there is evidence from sheep that BDNF and its receptor TrkB play roles in the consolidation of olfactory and visual memories of offspring. For example in one study (Broad et al., 2002) , 2-3 hours following the initial formation of olfactory recognition memory for offspring, BDNF/TrkB-mediated plasticity changes are observed in brain areas involved in the consolidation of olfactory memory, such as the pyriform and entorhinal cortices. Similar changes also occur in areas of the brain involved in visual memory, face and object recognition (the temporal cortex, entorhinal cortex, hippocampal subfield CA1 and basolateral amygdala), and in regions with integrative and attentional functions (the medial frontal and anterior cingulate cortices and diagonal band). Finally, while our focus has been on sensory cortex's role in maternal memory, there are obviously additional stages of processing before reaching the subcortical maternal circuit (figure 2); how these are modified by maternal experience and hormones remain to be explored. Nevertheless, we hope that the framework described here can provide a starting point to better understand the neurobiological mechanisms that transform behaviorally relevant sensory input into behavioral output in the maternal context.
Highlights
• New research is uncovering sensory cortex's role in maternal behavior and memory
• Infant cues are processed by sensory systems for recognition and discrimination
• Experience-dependent cortical plasticity helps store an engram of infant cues
• Maternal context provides natural paradigm for sensory cortical plasticity research
• Estrogen-dependent mechanisms hypothesized to modulate sensory cortical plasticity Example spectrogram of a USV bout from an individual postnatal day 7 mouse pup. Darker colors correspond to higher intensities in the sound signal at corresponding frequencies. These calls concentrate in the 60-80 kHz range, and feature moderate frequency modulation, as well as temporal structure in the form of a ~5 Hz repetition rate, which for comparison, is comparable to the typical syllable rate in human speech. Schematic of the neural pathways for olfactory and auditory cues from pups to reach the canonical subcortical maternal circuit based on the Numan model (Numan, 2007) . Small arrows indicate predominantly excitatory connections; bars indicate presumed inhibitory connections; open triangles indicate neuromodulatory inputs. For clarity, not all connections are shown in order to concentrate on those that form the basis of our knowledge about the information flow, especially for auditory cues, which is the focus of this review. Auditory cortex is a key site for experience-dependent sensory plasticity, thought to be guided by neuromodulatory inputs from the dopaminergic, cholinergic, noradrenergic and other systems. Changes in the neural representation of pup vocalizations can be conveyed into the maternal circuit through limbic as well as prefrontal pathways, potentially modulating the drive for maternal responsiveness. Parallel effects for maternal hormones and pup experience on consolidation of maternal responsiveness and pup call recognition. Consolidation of maternal responsiveness is measured by the latency (in days) to express consistent maternal care for live pups weeks after an initial exposure to pups (or hormone treatment in the absence of pup experience). Without that exposure, or if that exposure is brief and occurs without maternal levels of hormones, the latency to express maternal behaviors on the retest is generally slow (i.e. longer than 3 days). However, in the presence of maternal hormones, an initial pup exposure as short as 30 minutes facilitates more rapid reinstatement of maternal care more than a week later. This pattern is mirrored for pup call recognition, which is measured in a twoalternative choice phonotaxis task between the playback of calls or a neutral sound. Artificially raising estradiol (E2) and progesterone (P) to maternal levels without exposure to pups is insufficient to acquire call recognition, as is brief exposure without hormones. Longer exposure without maternal hormones can be effective for establishing call recognition, but it is not maintained for the long-term, when tested a month later. The combination of maternal hormones during pup exposure appears sufficient to establish and maintain call recognition up to a month after weaning. Schematic illustration of improved neural population contrast across auditory cortex in mothers for pup USVs. Call-evoked excitation is similar between mothers and pup-naïve virgins, with generally stronger (darker shade of red) excitatory responses in the ultrasound field, UF. Call-evoked inhibition is similar in UF between mothers and virgins, but stronger (darker shade of blue) in mothers for the lateral band core auditory cortical fields, A1 and AAF. Assuming downstream sites pool call-excitatory and inhibitory responses together, these patterns would produce a stronger contrast in activity between UF versus A1/AAF for mothers compared to virgins.
